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Xcat-2 RNA, a component of the germ plasm in Xenopus, localizes with the mitochondrial cloud material to the
vegetal cortex in stage II oocytes. Vg1 RNA also localizes to the vegetal cortex, but later in stage III/IV oocytes, using
a microtubule dependent pathway. To further analyze the mechanisms involved in RNA transport, in situ hybridization
and autoradiography were used to follow the localization of endogenous Vg1 and injected Xcat-2 transcripts in stage
IV oocytes. We show that Xcat-2 is competent to localize to the vegetal cortex quite independently of the mitochondrial
cloud. Xcat-2 RNA appears to use the late Vg1 localization pathway, as depolymerization of microtubules by cold or
nocodazole treatment prevented translocation of Xcat-2 transcripts, but did not result in the disruption of Xcat-2
anchored in the cortex. Furthermore, RNA transport was shown to be stage dependent for both Vg1 and Xcat-2 RNAs,
as they did not localize in fully grown stage VI oocytes after injection. RNA sequences both required and suf®cient
to direct Xcat-2 to the vegetal cortex were mapped to a sequence of 150 nt immediately adjacent to the open reading
frame and additional sequences at the end of the 3* untranslated region. Mapping was accomplished by injecting
deletion mutant transcripts into stage IV oocytes and monitoring localization by RNase protection and autoradiography.
All mutants competent for translocation were also capable of cortical anchoring, suggesting that the same signal is
used for both steps. We speculate that two separate RNA pathways evolved during the course of Xenopus oogenesis.
One pathway, specialized for the transport of germ plasm by way of the mitochondrial cloud, occurs early to ensure
the segregation of the germ cell lineage. The other, late, pathway may serve as the more general transport system for
localizing RNAs involved in somatic cell differentiation. q 1996 Academic Press, Inc.
INTRODUCTION Localized mRNAs have also been described in a variety of
somatic cells including ®broblasts (Kislauskis et al., 1994),
myoblasts (Cripe et al., 1993), neurons (Garner et al., 1988;Targeting of proteins to different subcellular domains is
Bruckenstein et al., 1990), and oligodendrocytes (Trapp etan integral if not primary step in generating a polarized cell.
al., 1987). Here, such localized proteins affect cell morphol-A new strategy for asymmetrically distributing cytoplasmic
ogy and function. Therefore, it appears that RNA targetingproteins became evident with the discovery of mRNAs that
is an important regulatory mechanism for localizing pro-accumulate to either pole of the Xenopus (King and Barklis,
teins to subcellular domains in somatic cells as well as germ1985; Rebagliati et al., 1985; Mosquera et al., 1993) or Dro-
cells (Wilhelm and Vale, 1993; St. Johnston, 1995; King,sophila oocyte (Lehmann and Nusslein-Volhard, 1986;
1995).Driever and Nusslein-Volhard, 1988a, b). The consequences
The vegetal cortex of Xenopus oocytes functions as a spe-of RNA localization for development are profound as local
cial domain for receiving and anchoring localized mRNAsprotein gradients are generated that can initiate pattern for-
including Vg1, Xcat-2 (Elinson et al., 1993), and Xwnt11mation in the early embryo (Wang and Lehmann, 1991).
(Ku and Melton, 1993). These RNAs encode proteins that
are likely to be involved in pattern formation or germ cell
speci®cation. Vg1 and Xwnt11 are both members of peptide1 Present address: HHMI, Children's Hospital Boston, Boston,
growth factor families and are competent to act as signalsMassachusetts 02115.
in dorsal mesoderm induction (Dale et al., 1993; Thomsen2 To whom correspondence should be addressed. Fax: (305) 243-
4431. E-mail: mking@mednet.med.miami.edu. and Melton, 1993; Kessler and Melton, 1995) or in dorsal-
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axis speci®cation, respectively (Ku and Melton, 1993). Xcat- pathway. Disrupting microtubules inhibits Xcat-2 transport,
but does not affect cortical anchoring, results comparable to2 shows sequence homology with nanos, the posterior de-
terminant in Drosophila (Mosquera et al., 1993) and colocal- those described for Vg1 localization (Yisraeli et al., 1990). A
localization signal required and suf®cient to directXcat-2 intoizes with germ plasm (Forristall et al., 1995), regions be-
lieved to contain the germ cell determinants (Ikenishi et the vegetal cortex was mapped to a small region in the 3*UTR.
Localization is stage dependent. Although injected Vg1 andal., 1986).
During Xenopus oogenesis, there are at least two vegetal- Xcat-2 RNAs are stable in stage VI oocytes, neither will local-
ize in this cell, suggesting the localization machinery is nomRNA localization pathways, one operating early in stage
I oocytes and one late, in stage III oocytes (Forristall et al., longer available.
1995). Xcat-2, Xwnt11, and Xlsirts speci®cally concentrate
within a juxtanuclear structure unique to stage I oocytes
called the mitochondrial cloud at a time when Vg1 is homo- MATERIALS AND METHODS
geneously distributed (Forristall et al., 1995; Kloc and Etkin,
1995; Melton, 1987). Xcat-2 together with other RNAs is Oocyte isolation and culture. Adult frogs were anesthetized
translocated to the future vegetal pole as a component of the with 5 g/liter MS-222 (3-aminobenzoic acid ethyl ester) and a sec-
tion of ovary was surgically removed. Oocytes were manually iso-cloud material. Xcat-2 localizes to a small discrete region of
lated in 11 modi®ed Barth's saline±Hepes (MBSH; Gurdon, 1968)the vegetal cortex within germ plasm in stage II/III oocytes,
supplemented with 100 mg/ml of penicillin and 100 mg/ml of strep-where it remains throughout oogenesis and early em-
tomycin. Stage VI (1.2±1.3 mm) or late stage III/early stage IV oo-bryogenesis (Forristall et al., 1995). Heasman et al. (1984)
cytes (0.5±0.7 mm) were injected with the synthetic transcripts tohave hypothesized that the mitochondrial cloud functions
be tested and cultured in 0.51 Leibowitz medium supplementedto localize germ plasm to the vegetal pole. Vg1 localizes
with 1 mM L-glutamine, 1 mg/ml insulin, 15 mM Hepes (pH 7.8),
later during stage III, with localization along the entire vege- 50 units/ml nystatin, 100 mg/ml gentamicin, 100 units/ml penicil-
tal cortex completed by late stage IV. Therefore, Vg1 and lin, 100 mg/ml streptomycin, and 10% frog serum containing vitel-
Xcat-2 come to occupy different, but overlapping, cortical logenin (Wallace et al., 1980; Yisraeli and Melton, 1988). Oocytes
domains. These regional differences re¯ect differences in were cultured for up to 4 days at 207C in a humidi®ed chamber.
Serum containing vitellogenin (green in color) was obtained fromanchoring as well since Vg1 is rapidly released from the
females that had been injected 3 weeks earlier with 0.4 ml, 10 mg/cortex during maturation, while Xcat-2 is retained (Pondel
ml of estradiol-17b (Sigma) suspended in 1,3-propanediol (Wallaceand King, 1988; Kloc and Etkin, 1994; Forristall et al., 1995).
et al., 1980; Yisraeli and Melton, 1988). The serum was inactivatedIn both the early and late pathways, transport and cortical
at 567C for half an hour, immediately aliquoted, and frozen atanchoring represent independent steps as indicated by their 0807C until used.different cytoskeletal requirements; microtubules in trans-
For the microtubule disruption experiments, injected oocytes
port and micro®laments in anchoring (Yisraeli et al., 1990). were cultured as described above for 2 days. These oocytes were
Several localized RNAs have now been tested for their then placed on ice for 90 min and either cultured for an additional
ability to correctly localize upon reintroduction into living 4 days at 207C or cultured overnight in medium containing 1
cells (Vg1, Yisraeli and Melton, 1988; Mowry and Melton, mg/ml of nocodazole dissolved in DMSO.
Oocyte extractions. After the culture period, whole oocytes1992; oskar, Kim-Ha et al., 1993; bicoid, Macdonald and
were either immediately frozen at0807C or ®xed in a cold solutionStruhl, 1988; actin, Kislauskis et al., 1994; MBP mRNA,
of 95% ethanol and 5% acetic acid at room temperature for a fewAinger et al., 1993). The correct localization of these in
minutes. Fixed oocytes were then cut into animal and vegetalvitro synthesized RNAs demonstrates that the RNA itself
halves. Total RNA was isolated from whole oocytes or halves bycan determine selection for localization. For all localized
using a proteinase K method (Pondel and King, 1988). A LiCl precip-mRNA examined, the 3*UTR has been found to contain
itation step reduced glycoprotein contamination (Sambrook et al.,
information both required and suf®cient for localization (St. 1989). Typically, 10 oocytes or halves were collected for each time
Johnston, 1995). The results of ®ne deletion mapping of the point.
bicoid (Macdonald et al., 1993), oskar (Kim-Ha et al., 1993), Plasmid source and constructions. We have previously de-
and actin (Kislauskis et al., 1994) RLSs (RNA localization scribed the isolation of the Xcat-2 clone in pSPORT (Mosquera et
al., 1993). pNB40Xcat-2 tagged with a 50-nt Xenopus b-globinsignals) suggest that the signal may consist of several redun-
mRNA leader sequence and fused to the 5* end of full-length Xcat-dant elements with different elements responsible for dis-
2 was a gift from Drs. R. Lehmann and C. Wang. The Xenopustinct steps in the localization pathway.
b-globin (XbG), XbG-340/3*, and pSPT73XbG clones were giftsThe Xenopus oocyte provides a powerful system in which
from Dr. K. Mowry and have been previously described (Mowryto analyze mRNA localization. We have recently shown that
and Melton, 1992). ODC2 (ornithine decarboxylase) was used as anXcat-2 injected into stage I oocytes accumulates within the
RNA loading control (Bassez et al., 1990).
mitochondrial cloud (Zhou and King, 1996). The sequences The deletion mutants used in this study were tagged with either
required for localization to the cloud were mapped to a region the Xenopus b-globin 5* leader sequence or a 413-nt luciferase frag-
within the 3*UTR. In this report, we show that Xcat-2 RNA ment. The details of their construction have been described previously
is competent to localize to the vegetal cortex independent of (Zhou and King, 1996). In addition, the Xcat-2 open reading frame
(5*ORF) was isolated from pNBXcat-2 as a MluI±BstNI 470-bp frag-the mitochondrial cloud and does so during the late (Vg1-like)
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8332 / 6x12$$$222 09-09-96 22:41:16 dbas AP: Dev Bio
175mRNA Transport in Frog Oocytes
ment and was ligated to a fragment containing the entire 3*UTR of min, and ®nally washed in 0.11 SSPE at room temperature for 5
min. Prior to immunodetection of the probe, slides were washedb-globin for stability. Luc/3*UTRD1, Luc/3*UTRD2, Luc/3*UTRD3,
and Luc/3*UTRD4 were constructed by ligations between the pT3/ in 11 PBS, 0.1% Tween 20 for 10 min followed by PBT (11 PBS,
2 mg/ml BSA, 0.1% Triton X-100) for 15 min. ImmunodetectionT7-luc3* vector digested with BamHI and ApaI (blunt-ended by Mung-
bean nuclease) and 3*UTRD1, 3*UTRD2, 3*UTRD3, and 3*UTRD4 of the probe was carried out exactly as described in Zhou and King
(1996), with BM purple AP as substrate (BMB). Samples were theninserts cut with BamHI and PvuII (blunt-end cutter). All mutant con-
structs are diagramed in Fig. 5. dehydrated, treated with xylene, and mounted in Paramount
(Sigma).In vitro RNA transcription. The templates and procedures for
35S-labeled mRNA autoradiography. Stage IV oocytes were in-in vitro transcription were as previously described in Zhou and
jected with 35S-labeled, capped, and polyadenylated transcripts (spKing (1996). Luc/3*UTR, Luc/3*UTRD1, Luc/3*UTRD2, Luc/
act 5 1 107 dpm/mg) and the oocytes cultured (Krieg et al., 1984;3*UTRD3, and Luc/3*UTRD4 were linearized with XhoI and tran-
Rusconi and Flick, 1993; Drummond et al., 1985). At each timescribed with T3 RNA polymerase to produce 870, 730, 630, 730,
point, oocytes were collected and ®xed in 0.25% chromium trioxideand 600-nt transcripts. Polyadenylation of 35S-labeled transcripts
in 95% ethanol and 5% acetic acid on ice for at least 1 hr. Afterwas carried out following the procedures of Rusconi and Flick
dehydration and in®ltration with paraplast, oocytes were embedded(1993) by using recombinant yeast poly(A) polymerase (Drummond
and sectioned at 7 mm. Sections were dried overnight at 457C, de-et al., 1985).
waxed by two incubations in xylene (10 min each), and rehydratedProbes and RNase protection. Probe construction and RNase
through a graded series of ethanol starting at 30%. Slides wereprotection assays were performed exactly as presented in Zhou and
processed for autoradiography and exposure times were for 1 to 3King (1996) based on methods described in Melton et al. (1984). The
weeks (Zhou and King, 1996).210-nt probe generated by HindIII digestion resulted in a protected
fragment of 144 nt for endogenous Xcat-2 and a fragment of 194
nt for injected Xcat-2. The probe for XbG-340/3* transcripts was
transcribed from linearized pSPT73XbG5* plasmid by SP6 RNA RESULTS
polymerase (Mowry and Melton, 1992). The antisense riboprobes
for the 3*UTRD1, 3*UTRD2, 3*UTRD3, and 3*UTRD4 transcripts
Injected Xcat-2 Transcripts Concentrate in thewere used for RNase protection. The probe for the 3*UTR tran-
Vegetal Hemisphere of Stage IV Oocytesscripts was the same as the one for 3*UTRD1 (Fig. 5). The LucP
clone was generated by ligating the EcoRV±EcoRI fragment (1419± Endogenous Xcat-2 mRNA accumulates within the mito-
1871 of luciferase insert) from pT3/T7-luc3* to the pT3/T7 vector chondrial cloud sometime during stage I of oogenesis, at a
cut with EcoRV and EcoRI. The antisense riboprobe was produced time when Vg1 RNA is uniformly distributed in the oocyte
by cutting the probe clone with XhoI and transcribing with T7
(Forristall et al., 1995; Melton, 1987; Yisraeli and Melton,RNA polymerase. The resulting probe was about 460 nt in size and
1988). The cloud breaks up and Xcat-2 containing fragmentsprotected at 371-nt fragment in the luciferase tag. The probe for
move to the vegetal cortex during stage II. Is the mitochon-ODC (ornithine decarboxylase) protected a 90-nt fragment (Bassez
drial cloud a large transport complex essential for Xcat-2et al., 1990).
localization to the vegetal pole or, like Vg1, is Xcat-2 capa-In situ hybridization. The procedures followed for nonradioac-
tive in situ hybridization have been previously described (Oberman ble of localization later, independent of the mitochondrial
and Yisraeli, 1995; Harland 1991). Oocytes were defolliculated by cloud? To answer this question, early stage IV oocytes were
treatment with collagenase (Mosquera et al., 1993) and Dumont injected equatorially with full-length Xcat-2 RNA tran-
stages III, IV, and VI isolated by hand. Oocytes were ®xed in 0.25% scripts, and localization monitored by RNase protection
chromium trioxide in 95% ethanol and 5% acetic acid on ice for at assays of RNAs obtained from animal (A) or vegetal (V)
least 1 hr. After dehydration and in®ltration with paraplast, oocytes halves. The amount of Xcat-2 injected was twice the endog-
were embedded and sectioned at 7 mm. Sections were dried at room
enous amount (100 pg). Because approximately half (40 totemperature, baked at 587C for 45 min, and then incubated over-
70%) of the Xcat-2 transcripts will be degraded after 4 daysnight at 377C. Sections were dewaxed in xylene and rehydrated in
of culture, the injected amount represents a modest increasea graded ethanol series. After ®xation with 4% paraformaldehyde
over endogenous levels. This loss is consistent with degra-in 11 PBS for 20 min, slides were incubated at 377C in 0.1 M Tris,
dation rates reported for injected Vg1 (Yisraeli and Melton,pH 7.5, 0.01 M EDTA containing 1.5 mg/ml proteinase K (purchased
in solution from Boehringer Mannheim) for 5 min. After rinses in 1988). A small number of oocytes were assayed 1 to 2 hr
0.2 M HCl and 0.1 M triethanolamine, pH 8.0, with 0.25% acetic after injection (Day 0), and as expected, the majority of in-
anhydride, slides were dehydrated and air dried. PEP±PEN (Electron jected RNA was randomly distributed (Fig. 1, compare A
Microscopy Science) was used to create a water-impermeable bar- and V lanes). Endogenous Xcat-2 levels served as an internal
rier around the sections. All subsequent steps were carried out control for oocyte viability as well as for indicating accurate
in a humidi®ed chamber. After drying at room temperature, the cutting of A/V halves.
hybridization solution was added to each slide and the slides were
The RNase protection assays show that the injected Xcat-placed at either 587C for Vg1 or 457C for Xcat-2 hybridization. After
2 begins to accumulate within the vegetal half by the end1 hr of prehybridization, hybridization solution with denatured
of Day 1 and that this process is complete by Day 3 or 4 ofprobes was added and hybridization allowed to continue overnight.
culture (Fig. 1). The pattern observed is that which is ex-At the end of the hybridization period, slides were washed in 21
pected if degradation of the injected transcripts is the sameSSPE, 0.1% CHAPS for 30 min at room temperature, treated with
RNase A (20 mg/ml) in 41 SSPE with 0.1% CHAPS for another 30 in both halves over the culture period, and Xcat-2 is being
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moved out of the animal half into the vegetal half. The
®ndings suggest that Xcat-2 can localize independently of
the mitochondrial cloud and further that the components
of the late pathway do not represent a rate limiting step in
the localization process.
Ectopic Xcat-2 Localizes into the Cortex of Stage
IV Oocytes
To more closely compare localization events between the
endogenous Vg1 and injected labeled Xcat-2, we followed
their movement to the vegetal cortex over time by in situ
hybridization and autoradiography, respectively. We ana-
lyzed over 50 early and late stage III's and early and late
stage IV's for this study. Vg1 localization is ®rst detected
in stage III and is accomplished by late stage IV (Figs. 2A±
2D). In late stage II/early III's, Vg1 is uniformly distributed
(Forristall et al., 1995; Melton, 1987) (not shown). The ®rst
sign of asymmetry was a withdrawal of Vg1 from the animal
pole cortical region in stage III's. Next, the Vg1 signal was
observed concentrated around the nucleus (Figs. 2A and 2B).
Signi®cant levels of Vg1 have already accumulated within
FIG. 1. Xcat-2 RNA microinjected into stage IV oocytes local-the vegetal subcortex in stage III. In late stage III's, Vg1
izes to the vegetal half. (A) Schematic of the construct used tosignal is detected exclusively on the vegetal pole side of the
make transcripts for injection. Open box represents the 5* leader
nucleus. The signal is con®ned to a trapezoid-shaped zone sequence of Xenopus b-globin mRNA, 50 bp long. Filled box
stretching from an apex at the basal side of the nucleus represents the 5* leader and coding region of Xcat-2, 400 bp
down to a broader cortical domain centered at the vegetal long. Thick line represents the 3* UTR of Xcat-2, 410 bp long.
pole (Figs. 2B and 2C). The complexes become concentrated The region protected in an RNase protection assay and the size
of the probe are indicated. (B) The concentration of Xcat-2 inin the cortical area (Fig. 2D). The ®nal pattern in late IV's
animal (A) or vegetal (V) halves on Day 0 (D0) through Day 4reveals Vg1 accumulated in the cortex stretching from the
(D4) of culture was assessed by RNase protection. 100 pg ofvegetal pole to the marginal zone, with signal above this
capped Xcat-2 transcript was injected into stage IV oocytes. Totalregion indicating that some Vg1 fails to enter the cortex,
RNA from two oocyte halves were loaded on each lane. In thiseven by stage VI. This localization pattern is most consis-
example, localization appears complete after Day 3. Endogenoustent with a model in which endogenous Vg1 is localized
Xcat-2 served as an internal control for oocyte viability and accu-
by active transport, in agreement with results obtained by rate cutting of A/V halves. ODC (ornithine decarboxylase) was
Melton and co-workers (Melton, 1987; Yisraeli and Melton, included as a control for RNA loading. Yeast tRNA served as a
1988; Mowry and Melton, 1992). control for nonspeci®c hybridization. The labeled probes for
Injected radiolabeled Xcat-2 mRNA localizes into the ODC and Xcat-2 are shown as well as DNA markers in bp.
vegetal cortex as was observed for endogenous Vg1, but not
as ef®ciently. Here we have looked at 24-hr time periods
and followed Xcat-2 localization by autoradiography in sec-
tioned albino or bleached wildtype oocytes. One day after
to enter the cortex most likely represent degraded and/orinjection, Xcat-2 appears uniformly distributed over the oo-
untransported Xcat-2. In contrast, injected Xenopus b-glo-cyte; the signal present as ®ne silver grains (Fig. 2E). In some
bin RNA, a nonlocalized RNA, fails to demonstrate any ofcases, such as the one shown, a bias in Xcat-2 signal was
these localization steps (Fig. 5Aa). Because ectopic Xcat-2already apparent. By Day 2, a distinct polarity in the Xcat-
mRNA is competent to localize into the vegetal cortex,2 signal was observed. Label had accumulated around the
we conclude that it must contain cis-localization elementsnucleus, mostly on one side, and within the subcortex at
which can be recognized by the localization machinery op-one pole. By Day 3, more labeled Xcat-2 was observed in a
erating in the late pathway.trapezoid-shaped zone similar to that observed for endoge-
nous Vg1 (Figs. 2F, 2G, and 3). Xcat-2 had also accumulated
into the vegetal subcortex (Fig. 2G). By Day 4, Xcat-2 is Translocation Is Dependent on Intact Microtubuleshighly concentrated within the vegetal cortex, but a sig-
ni®cant amount remains within the vegetal zone (Fig. 2H). Previous studies have used nocodazole or colchicine to
depolymerize microtubules and have demonstrated a roleClearly, injected Xcat-2 is less ef®cient at cortical localiza-
tion than is endogenous Vg1 RNA. Transcripts which fail for these structures in the active transport of Vg1 RNA
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8332 / 6x12$$$223 09-09-96 22:41:16 dbas AP: Dev Bio
177mRNA Transport in Frog Oocytes
FIG. 2. Injected Xcat-2 mRNA uses the same localization pathway as endogenous Vg1 in stage IV oocytes. (A±D) In situ hybridizations
showing Vg1 localization using DIG antisense probes. (A) Section of a stage III oocyte. Vg1 moving toward the nucleus. (B) Section of a
stage III oocyte. Endogenous Vg1 starts to concentrate around the nucleus and moves toward one pole (the vegetal pole). (C) Section of
an early stage IV oocyte; more Vg1 appears near the vegetal cortex. Signal is very distinctive. (D) Section of late stage IV oocyte. Majority
of the endogenous Vg1 is found in the vegetal cortex. (E±H) Autoradiograms showing localization of injected 35S-labeled, capped, and
polyadenylated Xcat-2 RNA after injection into early stage IV oocytes. (E) After 1 day of culture, silver grains were observed throughout
the cytoplasm with a concentration on the basal side of the nucleus and into the vegetal half. (F) After 2 days, grains were observed
concentrated mainly on the basal side of the nucleus and within aggregates between the nucleus and the cortex. (G) After 3 days, Xcat-
2 was observed in the cortex. (H) After 4 days, the majority of the label was in the oocyte cortex, although a signi®cant amount of Xcat-
2 remains in the vegetal yolky area. Bar in A for A±H, 130 mm.
(Yisraeli et al., 1990). We asked if ectopic Xcat-2 localiza- to untreated controls (data not shown). These results sug-
gest that transport requires not just intact microtubules,tion in stage IV oocytes was also microtubule dependent.
Oocytes placed on ice for 90 min have all their microtu- but a speci®c organization of microtubules.
In the second group, cold treated after 2 days of culture,bules, including those in the cortex, completely depolymer-
ized, as shown by confocal immuno¯uorescence micros- oocytes were cultured at 207C in either the presence or the
absence of nocodazole. In the oocytes where microtubulescopy (Gard, 1991, 1993). Upon warming to room tempera-
ture, microtubules rapidly regrow from the nucleus in 30 were completely depolymerized and allowed to reform at
room temperature, Xcat-2 localization was delayed by 2to 60 min, but a complete return to normal microtubular
organization takes 1 to 2 days in stage IV or VI oocytes days (Fig. 3). It now required 6 days to achieve the degree
of vegetal accumulation that was observed after 4 days in(Gard, 1991). Micro®laments and intermediate ®laments
were not affected by exposure to low temperature (Gard, the untreated control oocytes. This time period corre-
sponded to the time it takes for normal microtubular organi-1991, 1993). Oocytes were cold treated either shortly after
injection of 35S-labeled Xcat-2 transcripts or 2 days later, zation to reestablish itself. In contrast, cortical anchoring
was not sensitive to cold treatment, as Xcat-2 remained inafter Xcat-2 transport complexes have formed and a portion
are in the vegetal cortex (Fig. 2F). In the ®rst group, Xcat-2 the cortex of stage IV or VI oocytes kept on ice for 2 hr (data
not shown). Therefore, intact microtubules are required forlocalization was monitored at the end of a 2-day culture
period by RNase protection analysis of A/V halves. In these Xcat-2 to accumulate into the vegetal cortex, but not for its
retention within the cortex. These results are in completeoocytes, Xcat-2 remained uniformly distributed compared
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volves association with microtubules and is rate limiting
for injected RNAs.
In the absence of microtubules, the polarized distribution
of Xcat-2 during translocation might be expected to be lost.
However, Xcat-2 did not relocate after cold treatment, indi-
cating that Xcat-2 was not ``free'' to diffuse in the oocyte
(compare Fig. 2E with Figs. 3A and 3B). One possibility was
that the Xcat-2 complexes reassociated with the repolymer-
ized microtubules within 30±60 min after warming and
this prevented the complexes from moving. To test this
hypothesis, cold-treated oocytes were allowed to reach
room temperature in the presence of nocodazole and were
cultured for an additional 24 hr in this drug. Under these
conditions where microtubule repolymerization was inhib-
ited, Xcat-2 complexes remained intact and in the same
relative position as was observed before cold treatment
(Figs. 3A and 3B). These results imply that transport parti-
cles are associated with another cytoskeletal system and/or
are simply too dense and large to diffuse within the oocyte.
The 3*UTR of Xcat-2 Is Required and Suf®cient for
the Localization in Stage IV Oocytes
As shown in Figs. 1 and 2, Xcat-2 alone contained the
information required for localization. In order to map theFIG. 3. The translocation process of Xcat-2 in stage IV oocytes is
putative localization signal in Xcat-2, we ®rst tested themicrotubule dependent and the integrity of Xcat-2 translocation
complexes is microtubule independent. Autoradiograms of IV oo- 3*UTR to determine if it was both required and suf®cient
cytes injected with 35S-labeled, capped, and polyadenylated Xcat-2 for vegetal localization. Two deletion mutants were made
transcripts. (A) Oocyte cultured for 2 days and then placed on ice that divided Xcat-2 into the coding region and the 3*UTR.
for 90 min. (B) The same as in (A) but then cultured in the presence Each deletion mutant was tagged at the 5*end with a 50-bp
of 1 mg/ml of nocodazole at 207C for 24 hr. Note that the Xcat-2 globin leader sequence. The Xcat-2 coding region by itself
transcripts remain asymmetrically distributed and within com- proved to be unstable in oocytes; therefore, the 3*UTR of
plexes. (C) The same as in (A) and then cultured at 207C without
Xenopus b-globin was added (Fig. 4A). The transcripts de-nocodazole for an additional 4 days. Virtually all of the injected
rived from these mutants were injected into stage IV oo-transcripts reach the vegetal cortex. (C*) Another example of an
cytes and the oocytes cultured for 4 days. The 3*UTR local-oocyte treated as in C. Bar in A for A±C*, 130 mm.
ized as well as full-length Xcat-2, whereas the 5*ORF was
localization incompetent (Fig. 4B). Therefore, the 3*UTR
was required for RNA stability and vegetal localization.
To demonstrate if the 3*UTR was suf®cient for localizingagreement with those obtained using nocodazole and cyto-
chalasin to study Vg1 localization and cortical anchoring Xcat-2, the 400-nt coding region of Xcat-2 was exchanged
for a similarly sized fragment containing the ORF of lucifer-and further show that Xcat-2 is competent to localize in a
Vg1-like late pathway (Yisraeli et al., 1990). ase (Fig. 4A, Luc/3*UTR). Figure 4B shows that the Xcat-2
3*UTR was suf®cient to localize luciferase to the vegetalInterestingly, in cold-treated oocytes allowed to recover, a
much higher proportion of the injected Xcat-2 consistently half of stage IV oocytes. The 3*UTR was also suf®cient for
vegetal cortical localization as radiolabeled Luc/3*UTR in-entered the cortex than the controls kept at 207C (compare
Fig. 3C with Fig. 2H). Furthermore, the accumulation of jected into normally pigmented oocytes concentrated
within the vegetal cortex in a pattern indistinguishableXcat-2 at the basal side of the nucleus (Figs. 2F and 2G),
the most obvious difference between the Vg1 and Xcat-2 from full-length Xcat-2 (Figs. 2G and 2H) (data not shown).
patterns of localization is abolished (Fig. 3C). In stage III
and IV oocytes, this perinuclear region is yolk free and stains
The Xcat-2 3*UTR Contains at Least Twostrongly for microtubules, especially on the basal side (Gard,
Localization Signals1991). These observations suggest that injected transcripts
are more ef®ciently incorporated into the oocyte's transport The signal required for Xcat-2 to enter the mitochondrial
cloud in stage I oocytes has been mapped to a 250-nt regionsystem if microtubules are depolymerized and allowed to
reassemble in their presence. We postulate that Xcat-2 accu- in the 3*UTR (Zhou and King, 1996). It was of interest to
determine how that signal related to the minimal sequencemulates at this site because the next step in transport in-
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required for vegetal localization in stage IV oocytes. To that
end, four deletion mutations within the 3*UTR of Xcat-2
were constructed. In addition, to show the suf®ciency of
these mutants in localizing RNA to the vegetal half, the
400-nt coding region of luciferase was ligated to each frag-
ment. To keep the length of the 3*UTR constant between
the mutants, 200 nt of vector sequence was included at the
3* end. In subsequent experiments, we found that the length
of the 3*UTR was not critical, as transcripts behaved the
same in the localization assay with or without the 200-nt
vector sequence. The assay was done in two parts. Oocyte
injection of radiolabeled chimeric transcripts tested for
their ability to localize cortically. Figure 5A shows typical
examples of constructs which were scored as unlocalized
including Xenopus b-globin RNA and 5*ORF/XbG3*UTR
(a), weakly localized (b), or strongly localized (c) after 2 days
of culture. Although oocytes were commonly observed that
showed intermediate levels of localization, weak localiza-
tion as shown in (b) represents the worst case that was
scored as positive. In fact, no oocytes were observed whose
pattern fell between the weak and the nonlocalized condi-
tion. Mutant 3*UTRD1, containing 200 nt proximal to the
ORF was suf®cient for localization, but localized only half
as well as the full-length 3*UTR (Fig. 5C). The failure of FIG. 4. The 3*UTR of Xcat-2 is required and suf®cient for Xcat-
3*UTRD2 to localize eliminated any sequences in the last 2 localization in stage IV oocytes. (A) Diagrams of the cDNA con-
200 nt as being suf®cient. In 3*UTRD4, the middle 200 nt structs used for making injected transcripts. The probes for the
of the 3*UTR with overlapping sequences from 3*UTRD2 RNase protection assays are shown by thin lines with their sizes
indicated. Open boxes, the 5* leader sequence of Xenopus b-globinwas tested and proved de®cient. 3*UTRD3 tested the ®rst
(50 bp). Shaded box, the 5* leader and coding sequence of Xcat-2150 nt and the last 120 nt of the 3*UTR and was found to
(400 bp). Thick line, the 3*UTR of Xcat-2 (410 bp). Striped box,localize as ef®ciently as the full-length 3*UTR. These re-
a portion of luciferase coding region. (B) An RNase protection assaysults are summarized in Fig. 5B and show that a sequence
for localization of Xcat-2 5*ORF and 3*UTR after Day 0 (D0) andof 150 nt immediately adjacent to the ORF and additional
Day 4 (D4) of culture. Total RNA from animal (A) or vegetal (V)sequences 120 nt at the end of the 3*UTR are required and
halves was assayed. The 3*UTR of Xcat-2 and the luciferase-tagged
suf®cient for vegetal and cortical localization equivalent to 3*UTR of Xcat-2 are localized to the vegetal half of oocytes, while
the entire 3*UTR. the 5*ORF/XbG3*UTR is not. (D0) One-quarter of an oocyte equiva-
The RNase protection assay tested competency of the lent was loaded; (D4) two oocyte equivalents were loaded. ODC
chimeric sequence to accumulate into the vegetal hemi- probe was included as a control for RNA loading.
sphere and provided a means to quantitate localization us-
ing the PhosphoImager. Results from two series of injec-
tions are summarized in Fig. 5C, which shows the percent-
age change in transcript levels for each mutant construct IV? To address this question, in vitro synthesized Xcat-2
RNA and the Vg1 localization element (XbG-340/3*) werein both the animal and vegetal halves after 4 days of culture.
Deletion mutants were scored as localization positive that co-injected (50 pg each) into hand-dissected stage VI oo-
cytes. After 4 days, RNase protection assays on animal andshowed 80% ({15%) of the remaining injected transcript
in the vegetal half. Deletion mutants were scored as failing vegetal halves were carried out. Neither the injected Xcat-
2 nor the Vg1 localization element localized to the vegetalto localize if 50% ({5%) remained in either half. In no
instance was a mutant transcript capable of vegetal but not half of VI oocytes, but instead, remained uniformly distrib-
uted in the oocyte (Fig. 6B). Both Vg1 and Xcat-2 failed tocortical localization (Fig. 5B).
localize, indicating the speci®city of Xcat-2 localization in
the stage IV oocyte. These results suggest that stage VI oo-
Injected RNAs Do Not Localize in Stage VI cytes are de®cient in some component(s) of the localization
Oocytes machinery.
Is RNA that fails to localize less stable than localizedFor both Vg1 (Melton, 1987) and Xcat-2 (Forristall et al.,
1995), RNA localization occurs during speci®c stages. Is RNA? Rapid degradation of such RNAs would prevent the
potentially harmful situation of mislocalized proteins in athe availability of the RNA transport machinery limited to
speci®c stages or can these RNAs be localized after stage cell. To address this question, we compared the stability of
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FIG. 5. A cis-localization signal located within the 3*UTR is necessary and suf®cient for Xcat-2 mRNA localization. (A) Sections of
oocytes showing examples of injected deletion mutants that failed to localize (a), localized weakly (b), or localized strongly (c). (B) Schematic
of the series of the mutant transcripts tested for localization in stage IV oocytes. Deletions are indicated by interruptions in the lines.
After the culture period, localization of the injected transcripts was scored as negative (0) or positive (/). Failure to localize was always
absolute. Oocytes were scored as positive that ranged from what is depicted in (b) and (c). The vegetal half localizations were monitored
by RNase protection assays. Localization to the vegetal cortex was monitored by autoradiography (radiolabeled transcripts) or by in situ
hybridizations (DIG-labeled probe) (see Fig. 4A and Materials and Methods for details). (C) Histogram showing quantitation of the RNase
protection assays from two series of experiments using the PhosphoImager (Molecular Dynamics). Results are plotted for each mutant
transcript as the percentage gained or lost in the animal or vegetal halves at the end of the culture period relative to the total remaining.
Xcat-2 and Vg1 transcripts in stage IV and VI oocytes by II oocytes as a component of the germ plasm and mitochon-
measuring the signal remaining after each day by RNase drial cloud, while Vg1 localizes later during stage III as an
protection. Assays were quanti®ed using the Phospho- RNP complex that requires microtubules for transport (Yis-
Imager. The results show no signi®cant difference in the raeli et al., 1990; Forristall et al., 1995; King, 1995). Here
stability of these RNAs at the two stages examined. In both we have shown that Xcat-2 RNA is competent to localize
cases, approximately 70% of the initial signal remained to the vegetal cortex independently of the mitochondrial
after 2 days and between 40 to 60% after 4 days in culture. cloud in stage IV oocytes. Xcat-2 appears to use the late
We conclude that for Vg1 and Xcat-2 RNAs, there is no pathway based on the following similarities with Vg1 local-
correlation between message stability and the localized con- ization. Xcat-2 localization required intact microtubules as
dition. cold or nocodazole treatment resulted in a cessation of
transport whether treatment was just after injection or 2
days later after transport was well initiated (Fig. 3). OnceDISCUSSION
in the cortex, Xcat-2 occupied the broader domain charac-
teristic of Vg1 (compare Figs. 2D and 2H) and not the moreAlthough Xcat-2 and Vg1 share a common ooplasm in
stage I oocytes, Xcat-2 localizes to the cortex early in stage limited one observed for endogenous Xcat-2 as determined
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assembly. We favor the later explanation because injected
Xcat-2 could be ef®ciently transported to the cortex like
endogenous Vg1 if microtubules were ®rst depolymerized
and then allowed to repolymerize in the presence of exoge-
nous Xcat-2 transcripts (Fig. 3C).
The organization of microtubules in the oocyte is consis-
tent with its purported role in late RNA transport and sug-
gests that the basal side of the GV may be a special region
involved in transport. In stage IV oocytes, microtubules are
concentrated in a yolk-free area surrounding the GV, with
the highest concentration on the vegetal or basal side. Mi-
crotubules radiate between the dense meshwork of cortical
microtubules and the surface of the GV (Gard, 1991). The
GV appears to be the only MTOC in oocytes (Gard, 1991),
arguing that microtubules are predominately organized
with plus ends anchored in the cortex and minus ends
around the GV. However, it is possible that minus ends of
microtubules are also at the vegetal cortex (Gard, 1994).FIG. 6. Injected Xcat-2 and Vg1 transcripts localize in stage IV
oocytes but not in stage VI oocytes. (A) A diagram of the cDNA We observed an accumulation of injected Xcat-2 RNA
constructs used in making Xcat-2 or XbG-340/3* transcripts. on the basal side of the nucleus. This observation may be
Striped box indicates the coding region of Xenopus b-globin (490 signi®cant in as much as it indicates a rate limiting step in
bp). Open thick line indicates the Vg1 localization element (340 the translocation process. Endogenous Vg1 accumulation at
bp). Thin line indicates the probe for RNase protection assays this site is not commonly observed, although examples can
(350 bp). Xcat-2 construct is the same as that indicated in Fig. be found in the literature (Melton, 1987; Yisraeli et al.,1A. (B) An RNase protection assay with total RNA isolated from
1990). As a working hypothesis, we propose that individualanimal (A) or vegetal (V) halves of the injected oocytes. 50±100 pg
RNPs move along microtubules using a minus end directedeach of Xcat-2 and XbG/340 transcript was injected into each oo-
(dynein-like) motor to arrive at the basal side of the GVcyte. Ten oocyte halves were collected for each time point. For Day
(Yisraeli et al., 1990; this report). Transport complexes most0 (D0) one-quarter of an oocyte equivalent was loaded. For Day 4
(D4), two oocyte equivalents were loaded. ODC (ornithine decar- likely would interact with plus end-directed motors, like
boxylase) probe was included as a control for RNA loading. Note kinesin. It is possible that RNAs can be ef®ciently targeted
that neither injected Vg1 nor Xcat-2 transcripts localized in stage to the vegetal cortex by restricting the site of assembly and
VI oocytes. the type of motor allowed to associate with the transport
complex. In this view, there is no need to invoke special
``receptors'' in the vegetal cortex for RNAs localized in the
late pathway, but simply that transport complexes containby measuring the diameter of the two cortical domains (For-
ristall et al., 1995). This suggests that the transport system cytoskeletal binding proteins.
Deletion mapping of Xcat-2 has de®ned a sequence ofde®nes the cortical domain that the RNA will occupy. Fi-
nally, similar to Vg1, intact microtubules were not required 150 nt immediately adjacent to the ORF and an additional
sequence 120 nt at the end of the 3*UTR that are bothto maintain Xcat-2 in the cortex (Yisraeli et al., 1990; Fig.
3). These results indicate that Xcat-2 RNA must contain required and suf®cient for vegetal cortical localization in
the late pathway. These sequences were equivalent to thethe cis-localization elements which are recognized by the
transport and anchoring machinery operative in the late entire 3*UTR in terms of localization activity. Direct com-
parison of these sequences with the Vg1 340-nt localizationpathway. Furthermore, these components must be present
in excess to the extent that ectopic Xcat-2 was accommo- signal (Mowry and Melton, 1992) did not uncover any sig-
ni®cant homologies or related secondary structures. How-dated by the transport machinery.
Endogenous Vg1 localization was more complete than ever, additional experiments would need to be done to re-
veal any functional secondary structure(s) of signi®cance.was observed for the injected Xcat-2. There are several ex-
planations for this. A portion of the unlocalized signal may Although, the localization assays tested for both vegetal
accumulation and cortical localization, Xcat-2 mutants thatrepresent reincorporated [35S]UTP generated from degraded
Xcat-2 into other endogenous RNAs. Xcat-2 localization were competent to move into the vegetal hemisphere, but
were unable to enter the cortex, were never observed. Oneelements may not be as ef®cient at transport as are the Vg1
signals. It is possible that the late stage localization process interpretation of these ®ndings is that the transport particle
contains all the components required for cortical anchoringis initiated from inside the nucleus and, if so, injected Xcat-
2 would not be exposed to any nuclear factors that may be as well as translocation. If this were true, it would also help
to explain why Xcat-2 RNA is competent to use the laterequired for ef®cient localization. Finally, injected Xcat-2
may not compete ef®ciently at the level of transport particle localization pathway although it normally localizes as a
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location changes during muscle development. Proc. Natl. Acad.component of the fragmented mitochondrial cloud during
Sci. USA 90, 2724±2728.stage II. That is, the same RNA sequences are required for
Dale, L., Matthews, G., and Colman, A. (1993). Secretion and meso-transport and anchoring. The endogenous Xcat-2 RNA com-
derm-inducing activity of the TGF-b-related domain of Xenopusplex is capable of cortical anchoring; therefore, it also con-
Vg1. EMBO J. 12, 4471±4480.tains the information for vegetal localization. Such a dual
Drummond, D. R., Armstrong, J., and Colman, A. (1985). The effectfunction has been described for staufen protein in Drosoph-
of capping and poly-adenylation on the stability, movement and
ila where it is required for particle formation and anchoring translation of synthetic messenger RNAs in Xenopus oocytes.
of bicoid at the anterior pole (Ferrandon et al., 1994). How- Nucleic Acids Res. 13, 7375±7394.
ever, we cannot rule out the possibility that within the Driever, W., and Nusslein-Volhard, C. (1988a). A gradient of bicoid
localization signal there are different elements responsible protein in Drosophila embryos. Cell 54, 83±93.
for the different steps of localization. Fine deletion mapping Driever, W., and Nusslein-Volhard, C. (1988b). The bicoid protein
of the signal might reveal such elements as have been iden- determines position in the Drosophila embryo in a concentra-
tion-dependent manner. Cell 54, 95±104.ti®ed for Drosophila bicoid (Macdonald et al., 1993).
Elinson, R. P., King, M. L., and Forristall, C. (1993). Isolated vegetalWe have previously found that Xcat-2 injected into stage
cortex from Xenopus oocytes selectively retains localizedI oocytes will localize to the mitochondrial cloud, whereas
mRNAs. Dev. Biol. 160, 554±562.Vg1 fails to do so (Zhou and King, 1996). Clearly, the compo-
Ferrandon, D., Elphick, L., Nusslein-Volhard, C., and St. Johnston,nents of the late localization pathway are not available in
D. (1994). Staufen protein associates with the 3*UTR of bicoidstages I, II, or VI. The mitochondrial cloud localization sig-
mRNA to form particles that move in a microtubule-dependentnal mapped to the proximal 250 nt of the 3*UTR, a region
manner. Cell 79, 1221±1232.
larger than the 150-nt proximal piece involved in the vegetal Forristall, C., Pondel, M., Chen, L., and King, M. L. (1995). Patterns
cortex signal (Zhou and King, 1996). Although the signi®- of localization and cytoskeletal association of two vegetally lo-
cance of such an observation is unknown, it is tempting to calized RNAs, Vg1 and Xcat-2. Development 12, 201±208.
speculate that two separate RNA pathways evolved during Gard, D. L. (1991). Organization, nucleation, and acetylation of
the course of Xenopus oogenesis. One pathway is special- microtubules in Xenopus laevis oocytes: A study by confocal
ized for the transport of germ plasm by way of the mitochon- immuno¯uorescence microscopy. Dev. Biol. 143, 346±362.
drial cloud and occurs early to ensure the segregation of the Gard, D. L. (1993). Ectopic spindle assembly during maturation
of Xenopus oocytes: evidence for functional polarization of thegerm cell lineage. The other, late, pathway would serve as
oocyte cortex. Dev. Biol. 159, 298±310.the more general transport system for localizing RNAs in-
Gard, D. L. (1994). Gamma tubulin is asymmetrically distributedvolved in somatic cell differentiation. Further characteriza-
in the cortex of Xenopus oocytes. Dev. Biol. 161, 131±140.tion of these two pathways should yield insights into the
Garner, C. C., Tucker, R. P., and Matus, A. (1988). Selective local-mechanism involved in RNA transport.
ization of messenger RNA for cytoskeletal protein MAP2 in den-
drites. Nature 336, 674±677.
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